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The magnetotransport properties of disordered ferromagnetic Weyl semimetals are investigated numerically.
We found an extraordinarily stable and huge magnetoresistance effect in domain walls of Weyl semimetals. This
effect originates from the helicity mismatch of Weyl fermions and is a specific property of Weyl semimetals.
Although conventional magnetoresistance effects are strongly suppressed in domain walls where local magneti-
zation varies gradually, the helicity-protected magnetoresistance in Weyl semimetals maintains almost 100% of
the magnetoresistance ratio for any kind of thick domain walls, even in the presence of disorder. The contribu-
tion of surface Fermi arcs to the magnetoresistance is also discussed.
The magnetoresistance effect has been utilized to read
magnetic data in hard disk drives [1]. Giant magnetoresis-
tance (GMR) occurs in magnetic/nonmagnetic/magnetic tri-
layer structures because the spins of the conduction electrons
lag behind in their orientation with respect to the local magne-
tization direction, which changes abruptly from one magnetic
layer to another. Materials with high spin-polarization (i.e.,
half-metals) have been searched for with an aim to enhance
the magnetoresistance effect [2].
Domain-wall magnetoresistance is a similar effect that oc-
curs in single magnetic materials with magnetic domain walls
[3]. Compared to that in trilayer structures, the domain-wall
magnetoresistance effect is strongly suppressed as the wall
thickness increases because the spatial change of local mag-
netization is much more gradual in the presence of domain
wall structures. However, recent developments in the elec-
tronic control of domain walls has renewed interest in elec-
tronic transport through domain walls [4]. In this paper, we
propose a novel type of magnetoresistance effect that is not at
all suppressed by the thick domain walls (see Fig. 1) in fer-
romagnetic Weyl semimetals (WSMs) [6, 7]. Moreover, this
magnetoresistance effect is robust against disorder, and is con-
sidered to originate from the peculiar transport properties of
WSMs: the helicity dependent transport.
Weyl semimetals form a class of topological materials that
realize the three-dimensional (3D) Weyl fermion systems near
the Weyl nodes. That is, the states near a Weyl node k0 are
described by the effective Hamiltonian
HWeyl(k) = vσ · (k − k0) . (1)
The WSMs are typically realized by breaking either the time-
reversal or inversion symmetry of Dirac semimetals. Al-
though the WSM materials discovered to date (such as TaAs,
TaP, and NbP [8–11]) are the inversion-broken type, candi-
dates for the time-reversal broken type, i.e., the ferromagnetic
WSMs have been proposed recently: magnetic Heusler com-
pounds [12, 13], compounds with tetragonal structures [14],
and Co3Sn2S2 [15]. (Note that antiferromagnetic type WSMs
may be realized in Y2Ir2O7 [6], YbMnBi2 [16], and Mn3Sn
[17, 18].) The Dirac semimetals arise on the phase boundary
between topologically different insulator phases. This bulk
gapless region is broadened by breaking one of the symme-
tries [19–21], and is transformed into the WSM phase. This
means that ferromagnetic WSMs may be achieved by mag-
netically doping the topological insulators, e.g., Bi2Se3. Such
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FIG. 1. Conductance maps for the clean bulk of magnetic WSMs
(N = 12) with four types of domain walls: (a) simple junction, (b)
Bloch, (c) Ne´el, and (d) head-to-head. The vertical axis is the Fermi
energy E, and the horizontal axis is the relative angle of the mag-
netization θDW between both ends of the wall [see also Fig. 2(a)]. In
the blue region, the conductance is vanishing and huge magnetoresis-
tance arises. The small peak (yellow) structures in the maps originate
from the lattice structure and are qualitatively inessential [5].
a doped material is essentially inhomogeneous, and thus the
effect of disorder must be taken into account.
We employ a simple 3D lattice model for ferromagnetic
WSMs based on the Wilson-Dirac type tight-binding Hamil-
tonian [22, 23], which describes the 3D topological insulators
on a cubic lattice, and exhibits a Dirac semimetal phase be-
tween the topological and ordinary insulating phases. By in-
troducing the exchange coupling term, we obtain the Hamil-
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2tonian for magnetic WSMs,
H =
∑
r
∑
µ=x,y,z
[
c†r+eµ
(
it
2
αµ − m22 β
)
cr + h.c.
]
+
∑
r
c†r
[
(m0 + 3m2)β + M(r) · S + V(r)14] cr, (2)
where r is the position of lattice sites and eµ (µ = x, y, z) is the
lattice vector in the µ direction. m0 is referred to as “mass”
and m2 is the Wilson term. The length unit is set to the lattice
constant. αµ and β are an anticommuting set of matrices and
α2µ = β
2 = 14. We choose the explicit representation of these
matrices as α = τz ⊗ σ and β = τx ⊗ 12, where σ and τ are
the Pauli matrices, which correspond to the real- and pseudo-
spin degrees of freedom. Therefore, the spin operator is repre-
sented as S = 12⊗σ. We introduce an on-site random potential
V(r), which is uniformly distributed in [−W2 , W2 ]. The param-
eters t = 2, m2 = 1, m0 = 0 (see Ref. 24), and |M| ' 1 are
set so that a single pair of Weyl nodes appears at k0 = ± pi6 (see
Ref. 25). We note that the Weyl nodes should be sufficiently
separated for the validity of the discussion below.
We study the transport through (a) the junction of two
magnetic WSMs with different magnetization directions and
through three types of domain walls: (b) Bloch, (c) Ne´el,
and (d) head-to-head type (see also schematic magnetic
textures in Fig. 1). The direction of the current is set
to be the x axis. The magnetic structure can be imple-
mented by the x-position dependent magnetization M(x) =
M(sin θ cosϕ, sin θ sinϕ, cos θ) [see Fig. 2(a)]. The magnitude
of magnetization M is assumed to be uniform. Each magnetic
structure is achieved with a fixed ϕ and x-position dependent
rotation angle θ, and these are defined for (a) the simple junc-
tion (+z|−z),
θ(x) =
 0 (0 ≤ x < Lx2 )θDW ( Lx2 < x ≤ Lx) , ϕ = pi/2; (3)
for (b) the Bloch wall (+z→ +y→ −z),
θ(x) =
x
Lx
θDW, ϕ =
pi
2
; (4)
for (c) the Ne´el wall (+z→ +x→ −z),
θ(x) =
x
Lx
θDW, ϕ = 0; (5)
and for (d) the head-to-head wall (+x→ +z→ −x),
θ(x) = − x
Lx
θDW +
pi
2
, ϕ = 0. (6)
We consider cubic samples with N × N × N sites, and nu-
merically calculate the two-terminal conductance between the
ideal metallic leads attached to x = 0 and x = Lx = N − 1 by
using the transfer matrix method [26, 27] and the Landauer
formula.
First we focus on the transport in the clean bulk by im-
posing periodic boundary conditions in the y and z direc-
tions and setting W = 0. In a uniformly magnetized system
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FIG. 2. (a) Schematic figures of simple junction systems. θDW
denotes the relative angle of the magnetizations in two WSMs.
Schematic images of (b) less overlapping of projected Fermi surfaces
and (c) helicity mismatch of the overlapping nodes. The small col-
ored arrows indicate the electron spin. The helicities of the Weyl
electrons are opposite for overlapping Fermi surfaces and therefore
the transmission is suppressed in the absence of inter-node scattering.
(i.e., θDW = 0), the transport near the Weyl nodes at energy
E = 0 relies only on the Weyl cones. Hence, in the range
− 2pitN . E . 2pitN ( 2pitN ' 1 in Fig. 1), there is only a single
pair of conducting channels that correspond to the lowest band
(ky = kz = 0) of the Weyl cones and the quantized conductance
G = 2 (in units of e2/h) arises [yellow plateaus on θDW = 0 in
Figs. 1(a)–(c)]. For the highly doped case |E| & t − M (' 1 in
this paper), the bulk metallic bands dominate and the feature
of WSMs disappears (red regions in Fig. 1).
In the junction system consisting of two magnetic WSMs
with different directions of magnetization, the conductance
decreases as the relative angle of the magnetizations θDW in-
creases in the low energy region (E < 1) [Fig. 1(a)]. This
significant reduction of transport from θDW = 0 to θDW = pi2
can be understood as less overlapping of the Fermi surfaces
[28, 29]. That is, by changing the magnetization direction, the
position of the Weyl points and the Fermi surfaces enclosing
them shifts from the original position [Figs. 2(a) and 2(b)]. As
a result, the overlapping area of the projected Fermi surfaces
of the two WSMs (i.e., number of current carrying states) de-
creases. On the other hand, this simple picture cannot explain
the conductance behavior around θDW = pi; the conductance
remains strongly suppressed, even though the Fermi surfaces
are again completely overlapped at θDW = pi [Figs. 2(a) and
2(c)]. This implies that the current is almost perfectly re-
flected at the interface of the WSM with antiparallel magneti-
zations due to an unconventional reason: the helicity mismatch
of the Weyl electrons. The Weyl fermion state characterized
3by the Hamiltonian Eq. (1) is an eigenstate of the helicity op-
erator σ·p|p| =
σ·(k−k0)
|k−k0 | . The sign of the helicity is locked around
a Weyl node and opposite to that for the partner [30, 31] [illus-
trated in Fig. 2(c)]. For an antiparallel junction, the helicities
of the Weyl electrons in the overlapping Fermi surfaces are
opposite and current cannot pass through the junction.
We next investigate how the type of domain walls affects
the transport. The conductance maps in Fig. 1 show that the
qualitative behavior in a system with domain walls (b)–(d) is
the same as that in (a) the simple junction; the conductance
decreases as θDW increases and vanishes at θDW = pi. We note
that the thickness of the wall does not play an essential role
for (b) Bloch and (c) Ne´el walls, where the thin-wall limit
corresponds to the (a) simple junction. In these domain walls,
the combined effect of the helicity mismatch and less over-
lapping suppresses the transport [32], and the conductance re-
mains vanishing for any wall thickness. In contrast, for (d) the
head-to-head wall, the system is conducting in the thin-wall
limit, where the helicity mismatch does not work. However,
the conductance decays exponentially as the thickness of the
wall increases because the less overlapping mechanism works
in a thick domain wall. As a result, a huge resistance arises
in a thick domain wall between antiparallelly magnetized do-
mains, irrespective of the details of the magnetic texture.
Then we discuss the effect of disorder on the transport. Fig-
ure 3(a) shows the conductance near the Weyl nodes (E = 0)
for uniform magnetization (θDW = 0) and antiparallel config-
uration with a Bloch wall (θDW = pi). The transport in WSMs
is robust against disorder, so that the conductance for uni-
form magnetization shows a well-quantized plateau, even in
the presence of disorder. As the disorder strength increases
further, the plateau breaks down due to inter-node scattering
[26]. The conductance for the antiparallel configuration re-
mains suppressed up to a certain strength of disorder (W ' 5),
and increases as the disorder strength increases further. The
difference of the conductance between the parallel and an-
tiparallel cases disappears at strong disorder (W & 8) where
the system goes into the diffusive metallic phase from the
WSM phase [33, 34]. To characterize the magnitude of the
magnetoresistance effect, we introduce the magnetoresistance
ratio (MR), which is defined as
MR = 1 − 〈GθDW=pi〉〈GθDW=0〉
, (7)
where 〈· · ·〉 represents an ensemble average. Using this quan-
tity, we replotted the data in Fig. 3(b). At weak disorder
(W . 5), the MR remains at almost 100%. This shows that
the magnetoresistance effect is stable even in the presence of
weak disorder. At strong disorder (W & 8), say, in the dif-
fusive metallic phase, the MR vanishes. Although this upper
bound of disorder strength is dependent on the Fermi energy
E, the qualitative behavior is the same for |E| . 1.
Now we compare this magnetoresistance effect in WSMs
with the conventional effect in highly spin-polarized metals,
i.e., the magnetoresistance due to spin mistracking. The latter
is also demonstrated in our model Hamiltonian Eq. (2) when
the Fermi level is near the band edge. To observe this, we
calculate the spin-projected density of states, ρ↑ and ρ↓, with
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FIG. 3. (a) Averaged conductance 〈G〉 as a function of disorder
strength W, for uniform magnetization (θDW = 0) and antiparallel
(θDW = pi) magnetization with a Bloch wall. (b) Magnetoresistance
ratio MR as a function of W. We set N = 24, and Fermi energy
E = 0. Throughout this paper, each data point is an average over
more than 2000 disorder realizations and the statistical error is less
than 0.01e2/h.
-1	
0	
1	
2	
3	
4	
5	
6	
7	
8	
9	
-1	 0	 1	
En
er
gy

spin	polariza/on
-1	
0	
1	
2	
3	
4	
5	
6	
7	
8	
9	
En
er
gy

DOS
ρ↑ ρ↓ 
(a) (b)
0	 0.22	0.22	
E = 6.5 
E = 0.3 
Weyl semimetal	
half-metal	
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uniform magnetization in the z direction [see Fig. 4(a)], using
the kernel polynomial method [35]. Plotting the spin polar-
ization ρ↑−ρ↓
ρ↑+ρ↓ as in Fig. 4(b), it becomes clear that an almost
perfectly polarized half-metal state is obtained near the upper
band edge (E ' 7). Therefore, just by changing the Fermi
energy, we can compare the WSM and the ideal half-metal
within the same model.
Figure 5 shows the MR (a) in WSMs (E = 0.3) and (b)
in ideal half-metals (E = 6.5) with various types of domain
walls. At weak disorder, the MR in a WSM is almost 100% for
any type of domain wall. In contrast, the MR in a half-metal
with a domain wall is significantly suppressed, while that for
an antiparallel junction is almost 100% as that in WSMs. This
is one of the most important results in this work. In con-
ventional half-metals with sufficiently thick (more than four
lattice sites in this case) domain walls, the spins of conduc-
tion electrons can track the direction of local magnetization
along the domain walls, and thus the domain-wall magnetore-
sistance becomes negligibly small. On the other hand, in the
WSM phase, the Weyl fermions in the + and − nodes behave
independently, and the helicity is conserved [see Fig. 2(c)],
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as long as the inter-node scattering is negligibly weak [36].
The domain walls do not induce inter-node scattering in prin-
ciple, and thus the helicity mismatch nature leads to the per-
fect magnetoresistance, MR = 1, even in the presence of the
(Bloch or Ne´el type) domain walls. (Note that in the head-to-
head wall case, the magnetoresistance comes from the less-
overlapping of the Fermi surfaces.) Another important point is
the robustness against disorder. The MR in a half-metal grad-
ually decreases as disorder increases, while that in a WSM
remains unity at weak disorder and abruptly decays near the
WSM/metal transition point.
Before concluding, we discuss the contribution of the sur-
face, i.e., Fermi arcs. When the system has surfaces, almost
gapless states appear on the surfaces parallel to the magne-
tization, while the finite-size gap opens in the bulk. There-
fore, the surface contribution becomes important for small
samples. In our mesoscopic samples with surfaces, the low-
energy (E ' 0) transport relies mostly on the surface states.
On the surface, the spin of the conducting state is locked with
respect to the direction of magnetization and momentum [37].
As a result, in a simple antiparallel junction, the current on
the surface is completely reflected and yields huge MR (see
Fig. 6), as in the case of the bulk. However, with a Bloch do-
main wall, the conductance recovers and MR becomes small
because spiral surface states run through the system (Fig. 7).
x
z
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FIG. 7. Conducting state in a system with a Bloch wall in the clean
limit. A pair of surface states appears along the spiral magnetization.
Arrows indicate the direction of spin (sˆ = 〈ψ| τ0σ |ψ〉 / 〈ψ|ψ〉). For
visibility, the length of the sample is doubled (24 × 12 × 12 sites),
although in the main text we consider cubic samples.
Therefore, the huge MR is achieved in the presence of surface
states, while only in the case of Bloch wall it may be sup-
pressed as the contribution of surface states to transport in-
creases. The surface magnetoresistance effect is not as robust
against disorder as that for the bulk. This is considered to be
due to the sensitivity of the surface spin-locking to disorder.
We have studied the transport in disordered magnetic
WSMs and found a novel type of magnetoresistance effect
that arises due to the helicity mismatch. Considering do-
main walls, we have shown that huge (almost 100%) MR
is achieved, irrespective of the detail of the magnetization
configuration. This is a particular feature of WSMs and is
in good contrast with conventional domain-wall magnetore-
sistance due to spin mistracking, which is significantly sup-
pressed by the introduction of a domain wall. We have stud-
ied the quantum transport in Weyl semimetals, and the 100%
MR will be obtained in mesoscopic systems at low tempera-
tures. Although we have shown the data for small system sizes
and the amplitude of the conductance in WSMs is of the order
of e2/h, the effect can be seen in larger system sizes [5]. We
note that the resistance effect occurs at the interface of two do-
mains with antiparallel magnetizations, and the required con-
dition is sufficiently long coherence length compared with the
domain wall thickness (not with the device size). While the
resistance from less-overlapping is expected to be observed in
ordinary ferromagnetic semiconductors [29], it will be more
prominent in WSMs due to the strong anisotropy of Fermi
surfaces and robustness against disorder. The resistance from
helicity-mismatch is a specific quantum transport phenomena
for magnetic Weyl semimetals and will become important for
spintronics devices. We also emphasize that the effect can be
seen in a broad range of energy (i.e., it is not a singularity on
the Weyl point E = 0), and it does not require a fine-tuning of
chemical potential to observe. We have also shown the robust-
ness of the novel magnetoresistance effect against disorder.
This robustness can be observed not only for non-magnetic
potential disorder discussed here, but also for magnetic dis-
order [38]. These impurity and interface-roughness tolerant
features should be advantageous for the manufacture of spin-
tronics devices. Therefore, we propose that the magnetoresis-
tance effect in ferromagnetic WSMs is more promising than
the conventional GMR in ideal half-metals.
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   In the main text of the Letter, we have proposed a new mechanism for a huge magnetoresistance 
effect in ferromagnetic Weyl semimetals.  In this Supplemental material, we provide the detailed data 
supporting the conclusions in the main text.  In Sec. S1, we discuss the small conducting regions in the 
conductance maps.  In Sec. S2, we show the wall-thickness dependence of the magnetoresistance effect.  
In Sec. S3, we discuss the coexistence of less overlapping and helicity mismatch.  In Sec. S4, we show 
the robustness against the magnetic disorder. 
 
 
S1.  Accidental conducting states and size dependence 
   By taking a close look, one may find small peak structures in the conductance maps (i.e., yellow lines 
and islands in Fig. 1, main text).  These structures indicate the accidental appearance of an extended 
state due to the lattice structure of the model (which results in the discrete mesh in momentum space).  
These are a kind of numerical artifact, but not a numerical error and cannot be avoided.   
   Figures S1A(a) and S1A(b) show the conductance maps of the simple junction for different system 
sizes, N = 24, 36 (N = 12 is shown in the main text).  The number of accidental conductive lines 
increases as the system size N increases, while the height and width of a line decreases.  They are not 
protected and become blurred by introducing disorder as shown in Fig. S1A(c).  Therefore, the 
accidental conducting states are expected to give a non-essential contribution in large systems or under a 
strong disorder. 
 
 
 
    
Fig. S1A.  Conductance maps of the simple junction with (a) N = 24 and (b) N = 36 [see also Fig. 1(a) 
in the main text].  The right panel (c) shows the map under disorder (W = 3) with N = 12.  Thin yellow 
lines in the blue (insulating) region are the accidental conducting states.  
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   The same behavior is observed in the systems with domain walls (see Fig. S1B).  The head-to-head 
wall shows relatively large conductance in highly doped region (E > 0.7) because it lacks the 
helicity-mismatch mechanism as discussed below (Sec. S3).  
     
 
    
Fig. S1B.  Conductance maps for (a) Bloch, (b) Néel, and (c) head-to-head walls with N = 24.  The 
yellow lines and islands in the blue (insulating) region are the accidental conducting states.  
 
 
S2.  Wall-thickness dependence 
   An important feature of the magnetoresistance effect is insensitivity to details of the magnetic texture, 
especially, the domain-wall thickness.  As shown in Fig. S2, the conductance is an almost monotonic 
function of the wall thickness, although a finite conductance occurs accidentally (see Sec. S1).  In Bloch 
and Néel walls, the magnetoresistance is essentially independent of the thickness.  In a head-to-head 
wall, where the helicity mismatch mechanism does not work, the conductance exponentially decays with 
wall thickness due to the less overlapping and vanishing for a sufficiently thick wall.     
 
  
Fig. S2.  Conductance as a function of thickness NDW of (left) Néel and Bloch walls and (right) 
head-to-head wall with θ DW = π .  The size N = 24 and E = 0.3.  In the main text, we have shown the 
data for the thin-wall limit (simple junction) and sufficiently thick walls.  
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S3.  Contributions of helicity mismatch and less overlapping 
   We have stated that there are two mechanisms for the magnetoresistance effect in magnetic Weyl 
semimetals: helicity mismatch of incoming and outgoing states and less overlapping of the Fermi surface 
in the domain wall.  In thin-walls (NDW < 6), the helicity mismatch gives the dominant contribution, and 
especially in the simple junction (NDW = 0), the huge magnetoresistance comes purely from the helicity 
mismatch.  On the other hand, in thick walls, both the helicity mismatch and less overlapping contribute 
to the effect.  
   To understand the coexistence of the two mechanisms, here we consider a half (Bloch) wall with π / 2 
rotation with half-length (12 × 24 × 24).  The conductance in the half wall (black line, Fig. S3) is 
suppressed mainly due to the less overlapping.  In the systems where two half-walls are connected (in 
different ways), the conductance in the π -rotated type (blue line, Fig. S3) is significantly smaller than 
that in reversed type (orange line, Fig. S3).  This difference should reflect the helicity mismatch. 
 
 
             
   
Fig. S3.  Conductance as a function of Fermi energy for (black) half wall, (orange) reversed wall where 
the incoming and outgoing states are in parallel magnetizations, and (blue) π -rotated wall where they are 
in antiparallel magnetizations.  Two panels are the same data with different (normal/log) scales.  
Conductance peaks come from the accidental conducting states.  
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S4.  Magnetic disorder 
   Here we show the robustness of the magnetoresistance effect against magnetic disorder, while a 
non-magnetic potential disorder is discussed in the main text.  We introduce an exchange coupling term 
b(r)S between electrons and randomly oriented local spins instead of on-site potential.  We fix the 
magnitude of the random spins, |b(r)| = Wb, and regard Wb as the disorder strength.    
   Figure S4 shows the dependence of the magnetoresistance ratio MR on the magnetic disorder 
strength Wb.  The magnetoresistance effect in the Weyl semimetal is robust against magnetic disorder, 
while that in the half-metal is fragile in contrast to the case of non-magnetic disorder.  
 
   
Fig. S4.  Magnetoresistance ratio MR as a function of magnetic disorder strength Wb, in (red) simple 
junction, (blue) Bloch, (green) Néel, and (purple) head-to-head domain walls with θ DW = π  for 
(left) E = 0.3, where Weyl cones appear, and (right) E = 4.5, where an ideal half-metal arises.  The size 
is set to N = 24 and the effective mass !! = – 2.   
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